6 Assessment of the severity of Fusarium wilt disease in cowpea and other crops 7 relies mainly on visual rating scales which are prone to errors, which can 8 compromise the reproducibility of the data. Furthermore, the rating scales require 9 considerable practical training and routine experience for reliable assessment. Two 10 objective metrics, stem vascular discoloration length (%VDL) and number of 11 Fusarium necrotic vessels (NFNV), for quantitative measurement of vascular 12 damage incited by Fusarium oxysporum f. sp. tracheiphilum race 4 (Fot4) of cowpea, 13 were compared and their utility as a measure of disease severity and potential 14 usefulness in other crop pathosystems is proposed. The metrics were tested in 15 seven F 2 populations and one F 2:3 population, segregating for wilt response, and 16 inoculated with race Fot4 at the seedling stage. %VDL and NFNV were highly 17 correlated with plant wilting for all populations (r = 0.51 -0.93 and 0.52 -0.94, 18 respectively). Furthermore, the relationships between the variables were linear in all 19 populations (R 2 = 0.81 to 0.87 and 0.71 to 0.91), indicating that they can provide 20 accurate and reliable measurement of severity of Fusarium wilt disease. Also, %VDL 21 and NFNV were strongly correlated (r = 0.88 -0.97) and demonstrated a linear 22 relationship (R 2 = 0.69 -0.94). Analysis of goodness-of-fit in two F 2 populations 23 revealed that errors in measurement of vascular discoloration length can result in 24 2 higher segregation distortion when compared to enumeration of necrotic vessels. 25 However, both metrics were highly effective in accounting for the severity of vascular 26 damage caused by Fusarium wilt disease. 27 28
inheritance effective selection for resistant genotypes can be compromised by the 48 lack of an objective screening method; therefore, in these cases quantitative metrics 49 can provide accurate and precise quantification of the severity of disease (Ndeve, 50 2017). In resistant and moderately resistant genotypes, disease severity expressed 51 as the extent of plant wilting can be weakly associated with length of vascular 52 discoloration which is an indicator of the extent of vascular colonization and the 53 damage caused by the fungus (Talboys, 1972; Luckew et al., 2012; Ndeve, 2017) . 54 Less objective disease assessment is error prone and can lead to inaccurate 55 association between plant wilting and the extent of vascular discoloration and 56 damage, which could compromise the individual usefulness of each metric in 57 Fusarium wilt disease severity assessment and the translation of the results into 58 practical use. 59 Variation in wilt disease phenotypes has been reported in several studies. In 60 common bean and cotton, extensive and severe colonization of the vascular system 61 occurs on susceptible cultivars and breeding lines, and plant wilting is strongly 62 correlated with vascular discoloration (Pastor Corrales and Abawi, 1987; Buruchara 63 and Camacho, 2000; Ulloa et al., 2006) . In both crops, some resistant common bean 64 cultivars and cotton breeding lines exhibited mild wilting and discoloration of vascular 65 tissues. In a study by Gao et al. (1994) on eight tomato cultivars screened for 66 resistance to five forms and races of Fusarium oxysporum f. sp. lycopersici, vascular 67 discoloration was strongly correlated with plant wilting, and there was no evidence of 68 a tolerant reaction. According to Talboys (1972) , Fusarium wilt tolerant cultivars can 69 be misclassified as resistant cultivars if disease severity is quantified solely based on 70 the external phenotypic wilt reaction because systemic vascular colonization in 71 tolerant cultivars does not necessarily lead to plant wilting. As in cowpea, susceptible 72 common bean and cotton cultivars can display wilt symptoms 5 to 9 days after 73 inoculation, and severe or complete plant wilting and defoliation, which indicates the 74 severity of damage to the vascular system, can occur 14 days after inoculation 75 (Pastor Corrales and Abawi, 1987; Ulloa et al., 2006) . Luckew et al. (2012) reported 76 that in lines of soybean from resistant × resistant crosses, the severity of wilt caused 77 by Fusarium virguliforme was not correlated with the severity of damage in the root 78 system. These reports indicate that reliance on plant wilting to quantify severity of 79 Fusarium wilt and the use of qualitative and semi-quantitative metrics can 80 compromise the accuracy of wilt disease severity estimation, especially if plant wilt 81 phenotypes are not highly associated with vascular discoloration symptoms as the 82 two traits are under control by distinct mechanisms (Talboys,1972; Luckew et al., 83 2012) 84 Plant disease severity assessment in many crop species relies mostly on visual 85 assessment based on rating scales (Bock and Nutter, 2011; Chiang et al., 2014) . In 86 general, severity of fusariosis is quantified utilizing rating scales in which the external 87 plant phenotypic response (wilting) is used to express the severity of disease. 88 Disease assessment rating scales include ordinal scales of 1 -5 (Rigert and Foster, 89 1987) 1 -9 (Van Schoonhoven and Pastor Corrales, 1987; Pastor Corrales and 90 Abawi, 1987), nominal or descriptive scales (resistant and susceptible) (Lv et al., 91 2014) and nearest percent estimates or ratio scale (Walker, 1930; Palti and Joffe, 92 1971; Joffe et al., 1974; James, 1974; Netzer et al., 1977; Netzer and Weintall, 1980; 93 Sharma et al., 2004; Lv et al., 2014; Chiang et al., 2014) . Similarly to nominal scales, 94 ordinal scales are also descriptive; however, the severity of disease is graded using 95 arbitrary classes which indicate distinct levels of severity of disease symptoms (Bock   96   et al., 2010) . 97 Other Fusarium wilt disease severity assessment methods have employed 98 estimates of both plant wilt and vascular discoloration phenotypes by using ordninal 99 rating scales of 0 -5 (Ulloa et al. 2006; Pottorff et al., 2012; Pottorff et al., 2014) or 1 100 -9 (adapted from Pastor Corrales and Abawi, 1987) (Fall et al., 2001) . However, 101 Pastor Corrales and Abawi (1987) and Buruchara and Camacho (2000) used an 102 ordinal rating scale of 1 -9 to phenotype plant wilting and a nominal or descriptive 103 scale to estimate extent of vascular discoloration. The severity of vascular damage 104 was described as none, light, intermediate and severe. In cotton, Wang et al., 2017 105 assessed the severity of Fusarium wilt disease using an ordinal scale of 0 -5 to 106 express the severity of plant wilt and a ratio scale (0 -100%) to express the extent 107 of vascular discoloration. 108 Each of the visual rating scales described above is prone to errors which can 109 compromise the accuracy, precision, repeatability and reproducibility of estimates of 110 Fusarium wilt severity. Errors can limit correct differentiation among resistant, 111 moderately resistant and tolerant plant phenotypes. Indeed, when less experienced 112 individuals use visual rating scales to estimate disease severity, the magnitude of 113 inaccuracy and imprecision in disease severity estimates can be substantial due to 114 evaluator subjectivity, compromising the usefulness of the results for critical research 115 or breeding decisions (Nutter et al., 1993; Bock et al., 2008) . 116 This study introduces a novel, objective metric based on the number of necrotic 117 vessels for phenotyping the extent of vascular symptoms incited by Fusarium wilt in 118 cowpea. The relative accuracy of the new metric in expressing severity of wilt is 119 contrasted with vascular discoloration length (%VDL), also an objective metric used 120 to quantify the extent of vascular colonization by Fusarium wilt. The relationships 121 between plant wilting symptoms and the objective metrics are explored. The concept 122 accuracy is defined as the degree of closeness of an estimate to the true or actual 123 value (Nutter et al., 1991) , in this study for analytical purpose the true or actual 124 6 phenotypic value is the plant wilt phenotype, and it is potentially predicted based on 125 the severity of vascular discoloration or the number of necrotic vessels. Therefore, 126 these two parameters are contrasted to determine to what extent their measured 127 values closely reflect the severity of plant wilt (the true value).
128

MATERIALS AND METHODS
129
Plant material. One F 2:3 and seven F 2 cowpea populations were used to 130 determine the variability in plant wilting (expressed as a wilt score), vascular 131 discoloration length (expressed as the percent of stem height, %VDL), and vascular 132 necrosis (expressed as number of Fusarium necrotic vessels -NFNV) phenotypes. 133 In brief, to generate the F 2 and F 2:3 populations, a Fusarium wilt race 4 (Fot4) 134 resistant genotype (Parent A, more than 10 to 25%); 3 = >25 -50% yellowing/wilting and canopy loss of more than 191 25 to 50%, with a dark-brown spot visible on the base of the petiole and on the 192 petiole scar on the stem; 4 = >50 -75% yellowing/wilting, severe canopy loss (more 193 than 50 to 75%), with the stem colored green-brownish; and 5 = >75 -100%, the 194 canopy almost completely to completely lost (more than 75 to 100%), the plant is 195 moribund or dead, with limited green-brownish stem to all brown stem tissue, Yates correction for continuity (Little and Hills, 1978 ). The genetic models tested for 240 segregation included a single gene, two dominant genes, and dominant-recessive 241 genes, respectively. The expected segregation ratios between susceptible and 242 resistant phenotypes would be 3:1, 15:1 (9:7) and 13:3, respectively. The ratio 9:7 243 differs from 15:1 in that it includes the interaction between both genes. These 244 segregation ratios were considered based on reports in the literature describing 245 inheritance of resistance to Fusarium wilt in cowpea and other crops, which is 246 controlled by only a few genes (Netzer et al., 1977; Rigert and Foster, 1987; Salgado 247 et al., 1995; Cross et al., 2000; Pottorff et al., 2014 to visual estimates of the severity of wilting (Tables 3 and 4 ).
13
The F 2 plants (populations 1, 2, 3, 4, 5, 6 and 7) barely exhibiting visible wilt 300 symptoms the mean wilt score was 0.1 to 0.5, or less than 10% of the plant wilted. 301 The NFNV score for these plants ranged from 1 to 3, and the mean %VDL from 13.2 302 to 25.2%. Plants with a mean wilt score of 1.6 -2.1 (approximately > 10 to 25% of 303 the plant wilted) had an NFNV of 4 to 5, which corresponded to a mean %VDL of 304 29.6 -32.7% ( was not enumerated, but it was observed that even the highly susceptible genotypes 309 with 10 to 18 necrotic vessels in the F2 generation, had some vessels that were not 310 necrotic (Table 3) . 311 Also, the F 2:3 population (population 8), which comprised 175 families (on average 312 25 plants/family) showed evidence of associations among assessment methods. 313 Plants with mean wilt scores of 0.3 to 1.1 (> 0 to 10% wilted) had an NFNV of 1 -3 314 and a mean %VDL ranging from 5.5 to 16.7% ( vascular discoloration length and vascular necrosis (Table 3) . 328 The best fitting segregation ratio (Resistant:Susceptible) for wilting (206:158), 329 %VDL (225:139) and NFNV (208:156) in F 2 population 1 was 9:7 (Table 5) ; however, 330 this was significant only for wilt score (X 2 = 0.00, P = 0.99) and NFNV (X 2 = 0.08, P = technology (Nutter and Schultz, 1995; Bock and Nutter, 2011; Barbedo, 2013; Mutka 409 and Bart, 2015; Mahlein, 2016 
